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LIGHT-CONTROLLED LIGHT MODULATOR 

This is a division of application Ser. No. 09/953,796, 
?led Sep. 17, 2001, issued as US. Pat. No. 6,753,996 on Jun. 
22, 2004, which is hereby incorporated herein by reference 
in their entirety. 

This application is based on Patent Application Nos. 
2000-286601 ?led Sep. 21, 2000, 2001-249034 ?led Aug. 
20, 2001, 2001-249035 ?led Aug. 20, 2001 and 2001 
249037 ?led Aug. 20, 2001 in Japan, the content of which 
is incorporated hereinto by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a light-controlled light 
modulator, and more particularly to a light-controlled modu 
lation technique for modulating light with a wavelength 
identical to or different from input signal light with an 
arbitrary wavelength in response to the intensity of the input 
signal light in a wavelength division multiplexed optical 
network. 

2. Description of the Related Art 
Conventionally, as an optical transmission system for 

transmitting optical signals with different wavelengths, an 
optical transmission system using wavelength division mul 
tipleXing (WDM system) has been known which transmits 
the optical signals with different wavelengths by combining 
them into a single optical ?ber. Recently, such WDM 
systems have been increasingly applied not only to one-to 
one transmission, but also to network transmission. 

In such WDM systems, a light-controlled light modulator 
is increasing its importance which carries out wavelength 
conversion, that is, which converts the wavelength of an 
optical signal traveling through an optical ?ber into the same 
or different wavelengths. 

FIG. 1 is a diagram showing a circuit of a conventional 
wavelength converter. The wavelength converter consists of 
a symmetric Mach-Zehnder interferometer that comprises 
SOAs (Semiconductor Optical Ampli?ers) 105 and 106, 
MMI (Multi-Mode-Interference) couplers 101, 102 and 103 
connected to the SOAs 105 and 106, an MMI coupler 104 
connected to the MMI couplers 102 and 103, and optical 
waveguides interconnecting them. In FIG. 1, the reference 
numeral 107 designates signal light, 108 designates continu 
ous light, 109 designates output light and 110 designates a 
port. 

The operation of the wavelength converter with such a 
con?guration will now be described. 

The continuous light (CW light) 108 with a wavelength M 
is launched into the MMI coupler 101, and split into two 
optical waveguides. The two continuous light waves pass 
through the SOAs 105 and 106 and the MMI couplers 102 
and 103, and are coupled by the MMI coupler 104 to be 
emitted from the port 110. 

In this state of the wavelength converter, the optical signal 
M(s) 107 with the wavelength M is launched into the MMI 
coupler 102, and then into the SOA 105. Here, the optical 
signal 107 varies the refractive indeX of the SOA 105. 
As a result, the interference conditions change of the 

symmetric Mach-Zehnder interferometer comprising the 
MMI couplers 101, 102, 103 and 104 so that only when the 
signal light 107 is “1”, the output light with the wavelength 
M is emitted from the port 109. Thus, the optical signal with 
the wavelength M is transformed to light with the wave 
length M to be emitted from the port 109 as the output light 
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2 
In this method, the transmission rate of the input signal 

light is limited by the recovery time of carrier density 
changes of the SOAs 105 and 106. Thus, the speed of the 
wavelength conversion of the optical signal is limited to 
about 20 Gbps at most. 

FIG. 2 is a diagram showing another conventional wave 
length converter. The wavelength converter comprises an 
SOA 201, MMI couplers 202 and 203 connected to the SOA 
201, and a loop-type interferometer 209 connected between 
the MMI couplers 202 and 203. In FIG. 2, the reference 
numeral 204 designates signal light, 205 designates continu 
ous light, 206 designates counterclockwise traveling light, 
207 designates clockwise traveling light, 208 designates 
output light and 210 and 211 each designate a port. 

In the con?guration, the continuous (CW) light 205 with 
the wavelength M is launched into the MMI coupler 203 
through the port 211, and is split into two parts by the MMI 
coupler 203, which are delivered to the loop-type interfer 
ometer 209. In the loop-type interferometer 209, the two 
parts travel around the loop as the clockwise traveling light 
207 and counterclockwise traveling light 206, are recom 
bined by the MMI coupler 203 to be emitted from the port 
211. 

In this state, the signal light M(s) 204 with the wavelength 
M is launched into the MMI coupler 202. The incident signal 
light 204 passes through the SOA 201, which varies its 
refractive indeX. Thus, the light with the wavelength M 
traveling in the loop is affected by the change in the 
refractive indeX, resulting in phase variations as shown in 
FIG. 3A. 

The clockwise traveling light 207 brings about abrupt 
phase variations, followed by recovering of the phase at a 
rate corresponding to the recovery time of carrier density 
changes of the SOA 201, and is launched into the MMI 
coupler 203. 
The counterclockwise traveling light 206 also undergoes 

similar phase variations. However, since it travels through 
the loop-type interferometer 209 longer than clockwise 
traveling light 207 by a distance AL, it is launched into the 
MMI coupler 203 with a delay time At. 

Accordingly, in the MMI coupler 203, the time of the 
phase variations differs by an amount of At=AL/(c/neqo) 
between the clockwise traveling light 207 and the counter 
clockwise traveling light 206, where c is the speed of light, 
and neqO is the equivalent refractive indeX of the waveguide 
constituting the loop. The two continuous light waves with 
the same wavelength M interfere with each other in the MMI 
coupler 203. In the course of this, their phases differ only 
during the time period A's and nearly equal thereafter. As a 
result of the interference, the light is emitted from the port 
210 only during the time slot A's as illustrated in FIG. 3B. In 
other words, the input optical signal with the wavelength M 
is transformed to the light with the wavelength M to be 
output to the port 210 as output light M(s) 208. 

In the wavelength converter with such a loop-type 
interferometer, the counterclockwise traveling light 206 and 
the clockwise traveling light 207 have the same phase 
variations during the time the light phase variations gradu 
ally recover in response to the carrier concentration in the 
SOA 201, eXcept for the time period At. Therefore, as a 
result of the interference, the effect of the variations in the 
refractive indeX in the SOA 201 are canceled out, and the 
light with the wavelength M is emitted from the port 211 
eXcept for the time period At. Thus, as illustrated in FIG. 3B, 
the waveform after the wavelength conversion output from 
the port 210 includes no low-rate components whose rate is 
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limited by the recovery time due to the carrier density 
changes, enabling high-speed Wavelength conversion With 
steep rising and falling edges. 

In the Wavelength converter With the loop-type interfer 
ometer 209, hoWever, the input signal light 204 is combined 
and output from the same port 210 as the output light 208. 
Therefore, to separate the output light 208 from the input 
light 204, a Wavelength ?lter 212 must be connected to the 
output port 210 to eXtract only the output light 208. 

Furthermore, When the Wavelength M of the signal light 
is the same as the Wavelength kj of the Wavelength con 
versed light, the Wavelength ?lter 212 cannot separate them. 
This means that the light before the Wavelength conversion 
is miXed into the output light as noise. Thus, it has a problem 
of being unable to carry out the conversion of the same 
Wavelength. In addition, since the 3 dB coupler 202 is used 
to split the continuous light 205 With the Wavelength kj, it 
has a problem of bringing about 3 dB additional loss in 
principle. 

Moreover, When the Wavelength converter With the loop 
type interferometer is used, it is necessary that the length of 
the SOA 201 is suf?ciently smaller than AL as illustrated in 
FIG. 2. More speci?cally, since the clockWise traveling 
continuous light 207 travels in the same direction as the 
signal light 204, it undergoes the effect of the variations in 
the refractive indeX throughout the length LSOA of the SOA 
201. In contrast, since the counterclockwise traveling con 
tinuous light 206 travels in the direction opposite to the 
signal light 204, it does not undergo any effect of the 
variations in the refractive indeX until it encounters the 
signal light 204. Besides, since the effect of the variations in 
the refractive indeX varies depending on the position they 
encounter, the phase variation requires a rising time tr=2>< 
LSOA/(c/neq), Where c is the speed of light and neq is the 
equivalent refractive indeX of the SOA. 
As a result, if the length of the SOA 201 is in the same 

order as AL, the phase variations of the clockWise and 
counterclockwise traveling continuous light Waves become 
as illustrated in FIG. 4A, thereby deforming the Waveform 
of the converted light emitted from the port 210 as illustrated 
in FIG. 4B because of the interference. Thus, it presents a 
problem in that the converted light emitted from the port 210 
reduces its intensity as compared With that of FIG. 3B, 
thereby increasing the loss. 

SUMMARY OF THE INVENTION 

The present invention is implemented to solve the fore 
going problems. Therefore, the object of the present inven 
tion is to provide a light-controlled light modulator that 
obviates the need for the Wavelength ?lter, and that has a 
high-speed Wavelength conversion function capable of con 
verting an input signal With a Wavelength to an output signal 
With the same Wavelength as the input signal at a loW loss. 

To realiZe the foregoing object, according to a 1st aspect 
of the present invention, there is provided a light-controlled 
light modulator for modulating, in response to light intensity 
of ?rst input light With an arbitrary Wavelength, second input 
light With a Wavelength identical to or different from a 
Wavelength of the ?rst input light, said light-controlled light 
modulator comprising; an optical combiner/splitter for com 
bining the ?rst input light and the second input light, and for 
distributing them to a plurality of ports; phase modulators, 
Which are connected to the plurality of ports, including 
media that vary their refractive indices in response to the 
light intensity of the ?rst input light; an optical combiner for 
combining outputs from said phase modulators; and 
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4 
optical branching-delaying means for branching and 

delaying the second input light. 
According to a 2nd aspect of the invention, a light 

controlled light modulator comprising: ?rst optical branch 
ing means for branching ?rst input light; optical branching 
delaying means for branching lo and delaying second input 
light, a ?rst optical combiner/splitter for combining a ?rst 
branched part of the ?rst input light With a branched part of 
the second input light, and for distributing them to a plurality 
of ports; phase modulators, Which are connected to the 
plurality of ports, including media that vary their refractive 
indices in response to light intensity of the ?rst input light; 
and a second optical combiner/splitter for combining outputs 
from said phase modulators and for branching them to a 
plurality of parts, and for coupling branched outputs With a 
second branched part of the ?rst input light and a second 
branched part of the second input light. 

According to a 3rd aspect of the invention, the light 
controlled light modulator, Wherein said optical combiner/ 
splitter for combining the ?rst input light and the second 
input light, and for distributing them to a plurality of ports, 
said phase modulators, Which are connected to the plurality 
of ports, including media that vary their refractive indices in 
response to the light intensity of the ?rst input light, and said 
optical combiner for combining outputs from said phase 
modulators constitutes a symmetric Mach-Zehnder optical 
circuit. 

According to a 4th aspect of the invention, the light 
controlled light modulator, Wherein said optical branching 
delaying means comprises a loop-type optical interferom 
eter. 

According to a 5th aspect of the invention, the light 
controlled light modulator, Wherein a length of said media 
Whose refractive indices vary in response to the light inten 
sity of the ?rst input light is shorter than a difference 
betWeen a ?rst length and a second length, the ?rst length 
being equal to a length from said branching-delaying means 
for branching and delaying the second input light to said 
phase modulators via said optical combiner/splitter that 
combines the ?rst input light With a ?rst branched part of the 
second input light and distributes them to the plurality of 
ports, and the second length being equal to a length from 
said branching-delaying means to said phase modulators via 
said optical combiner that combines the outputs from said 
phase modulators and couples them to a second part of the 
branched second input light. 

According to a 6th aspect of the invention, The light 
controlled light modulator, further comprising a plurality of 
controllers for controlling states of said phase modulators 
including the media Whose refractive indices vary in 
response to the light intensity of the ?rst input light. 

According to a 7th aspect of the invention, The light 
controlled light modulator, Wherein the media of said phase 
modulators With the media Whose refractive indices vary in 
response to the light intensity of the ?rst input light have a 
cross section that varies along a propagation direction of 
light. 

According to a 8th aspect of the invention, the light 
controlled light modulator, Wherein said optical branching 
delaying means consists of an asymmetric Mach-Zehnder 
optical circuit. 

According to a 9th aspect of the invention, the light 
controlled light modulator, Wherein semiconductor optical 
ampli?ers are used as said phase modulators including the 
media Whose refractive indices vary in response to the light 
intensity of the ?rst input light. 
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According to a 10th aspect of the invention, the light 
controlled light modulator, further comprising means for 
controlling the intensity of the input light. 

According to a 11th aspect of the invention, the light 
controlled light modulator, Wherein said means for control 
ling the intensity of the input light comprises an optical 
ampli?er With a gain control function. 
As described above, according to the present invention, 

the output port emits only the output light after the Wave 
length conversion Without emitting the slightest part of the 
input light. Accordingly, it is not necessary to connect the 
?lter for separating the output light from the input light to 
the output port. In addition, even When the Wavelength of the 
input signal light is identical to that of the converted light, 
the problem is eliminated in that the light before the Wave 
length conversion is not miXed into the output light as noise. 
Thus, the present invention can provide a light-controlled 
light modulator With a high-speed Wavelength conversion 
function capable of converting an input signal With a Wave 
length to an output signal With the same Wavelength as the 
input signal. 

The above and other objects, effects, features and advan 
tages of the present invention Will become more apparent 
from the folloWing description of embodiments thereof 
taken in conjunction With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram shoWing an eXample of a 
conventional Wavelength converter; 

FIG. 2 is a block diagram shoWing another eXample of a 
conventional Wavelength converter; 

FIGS. 3A and 3B are graphs illustrating the phase varia 
tions and light intensity characteristics of the conventional 
Wavelength converter; 

FIGS. 4A and 4B are graphs illustrating another eXample 
of the phase variations and light intensity characteristics of 
the conventional Wavelength converter; 

FIG. 5 is a block diagram shoWing a con?guration of a 
?rst embodiment in accordance With the present invention; 

FIGS. 6A—6D are graphs illustrating the phase variations 
and light intensity characteristics of a Wavelength converter 
in accordance With the present invention; 

FIG. 7 is a perspective vieW shoWing a structure of an 
SOA of a second embodiment in accordance With the present 
invention; 

FIG. 8A—8C are cross-sectional vieWs shoWing a structure 
of an SOA of a third embodiment in accordance With the 
present invention, Which is fabricated using an n-type sub 
strate; 

FIGS. 9A—9D are graphs illustrating, as a function of the 
device length, the Width of the Waveguide of the SOA With 
the device length (L1+L2), Which is included in the Wave 
length converter in accordance With the present invention; 

FIG. 10A—10C are cross-sectional vieWs shoWing a struc 
ture of an SOA of a fourth embodiment in accordance With 
the present invention, Which is fabricated using an n-type 
substrate; 

FIG. 11 is a block diagram shoWing a structure of an ?fth 
embodiment in accordance With the present invention; and 

FIGS. 12A and 12B are graphs illustrating the phase 
variations and light intensity characteristics of a Wavelength 
converter in accordance With the present invention. 

FIG. 13 is a block diagram shoWing a con?guration of a 
siXth embodiment in accordance With the present invention; 
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FIG. 14 is a block diagram shoWing a con?guration of a 

seventh embodiment in accordance With the present inven 
tion; and 

FIG. 15 is a block diagram shoWing a con?guration of a 
eighth embodiment in accordance With the present inven 
tion. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

The preferred embodiments in accordance With the 
present invention Will noW be described With reference to 
accompanying draWings. 
[Embodiment 1] 

FIG. 5 is a block diagram shoWing a ?rst embodiment in 
accordance With the present invention, an embodiment of a 
light-controlled light modulator for carrying out Wavelength 
conversion. The Wavelength converter comprises semicon 
ductor optical ampli?ers (SOAs) 501 and 502; MMI cou 
plers 503 and 504 connected to the SOAs 501 and 502; an 
MMI coupler 505 connected to the MMI coupler 504; and a 
loop-type interferometer 513 connected betWeen the MMI 
couplers 503 and 505. 
The SOAs 501 and 502 and the MMI couplers 503 and 

504 constitute a ?lter-equipped phase modulator 515 (shoWn 
by broken lines in FIG. 5). The reference numeral 506 
designates signal light, 507 designates continuous light, 508 
designates counterclockwise traveling light, 509 designates 
clockWise traveling light, 510 designates output light, 511, 
512, 514, 516, 517 and 518 each designate a port. 
The present embodiment employs the MMI coupler 503 

as a means for combining the ?rst input light and the second 
input light, and distributes them to plurality of ports. It 
further uses the SOAs 501 and 502 as a phase modulator 
With a medium that changes the refractive indeX in response 
to the intensity of the ?rst input light; and the MMI coupler 
504 for combining the outputs from the phase modulator. 

In this con?guration, the continuous light 7»j(cw) 507 With 
the Wavelength kj is launched into the MMI coupler 505 via 
the port 512, and is split into tWo parts by the MMI coupler 
505 to be led to the loop-type interferometer 513. In the 
loop-type interferometer 513, they travel around the loop as 
separate clockWise traveling light 509 and counterclockwise 
traveling light 508. The tWo light Waves pass through the 
?lter-equipped phase modulator 515, and are coupled again 
by the MMI coupler 505 to be emitted from the port 512. In 
this state, the signal light 506 With the Wavelength M is 
launched into the ?lter-equipped phase modulator 515 via 
the port 517. 
To achieve the ?ltering function, the present embodiment 

employs a symmetric Mach-Zehnder interferometer that 
comprises the tWo MMI couplers 503 and 504 Which are 
connected via the tWo Waveguides (arms) including the 
SOAs 501 and 502 as shoWn in FIG. 5 as the ?lter-equipped 
phase modulator 515. 

Generally speaking, in the symmetric Mach-Zehnder 
interferometer, the incident light is split by the ?rst coupler 
into tWo parts, Which pass through the tWo Waveguides 
(arms), and are coupled again by the second coupler, to be 
emitted from the output port at the crossing position With the 
input port. The ?ltering function of the present embodiment 
utiliZes the feature of the Mach-Zehnder interferometer. 

The signal light 7»i(s) 506 With the Wavelength M is 
launched into the MMI coupler 503 via the port 517. The 
incident signal light 506 is split into tWo parts, Which pass 
through the SOAs 501 and 502, and are combined again by 
the MMI coupler 504 to be output from the port 514 at the 
crossing position With the input port 517. Thus, the con 














